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Abstract: Loop thermosyphon (LT) is usually introduced to overcome the freezing and corrosion 7 
problems associated with the conventional solar water heating (SWH) system. Compared with the 8 
conventional SWH system, the LT-SWH system possesses a lower nighttime heat loss because of 9 
the thermal diode property of loop thermpsyphon but bigger daytime heat loss because of the 10 
secondary heat exchange. However, the effect of above interaction to the system performance is 11 
rarely reported based on long-term running. In this study, based on the typical meteorological year 12 
data of Fuzhou city, annual performances of above two systems, including the effective number of 13 
supplying days, effective heat gain and nighttime heat loss, are comparatively analyzed under two 14 
different operational modes. Variations of above mentioned variables with the increment in the set 15 
temperature are discussed. The results indicate that, under the discontinuous heating mode, the 16 
effective numbers of supplying days of SWH system and LT-SWH system are 139 and 153, 17 
respectively. While the numbers of days are respectively 168 and 173 under the continuous 18 
heating mode. The SWH system possesses an expected bigger nighttime heat loss ratio with an 19 
average annual value of 15.07% corresponding to 6.15% for the LT-SWH system. Particularly, for 20 
the LT-SWH system, the different relative magnitudes of heat loss coefficients functioning at 21 
different times leads to a smaller temperature drop at night and also a smaller temperature rise at 22 
the subsequent day. It generates an unanticipated results that corresponds to the same month from 23 
November to April, the two systems have the approximate effective heat gain. The set temperature 24 
significantly influences the relative magnitudes of annual effective number of supplying days and 25 
annual effective heat gain, the superiority of LT-SWH system gradually diminishes and even 26 
reverses with the increment in the set temperature. The bigger daytime heat loss dominating the 27 
dominance is responsible for that transition. Combining with a longer static payback period, it is 28 
conditional to substitute the conventional SWH system with the LT-SWH system, especially when 29 
the water temperature on demand is high. 30 
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1  Introduction 33 
Renewable energy plays an important role in alleviating the energy crisis. International 34 
Energy Agency (IEA) and National Energy Administration of China announced the energy 35 
production and consumption of 2018 of China in January 2019. It revealed that renewable energy, 36 
especially solar energy and wind power, was becoming competitive with common fossil fuels. 37 
China has become the world’s biggest source of growth of renewable energy. Among the various 38 
utility patterns of solar energy, solar water heating (SWH) systems have been widely used in the 39 
fields of building and industrial energy saving (Raisul et al., 2013, Yang et al., 2018, Zhou et al., 40 
2019). It is estimated that a SWH system with 2 m
2
 collectors can save ~1500 kWh of electricity 41 
per year (Sadhishkumar and Balusamy, 2014 ). 42 
For a SWH system, there are mainly two heating patterns for the users to acquire hot water on 43 
demand. Those are continuous heating mode and auxiliary heating mode. For the former, the users 44 
will not consume the water if its temperature on the day does not meet the set value; the 45 
mesothermal water will be continually heated the next day or days until its temperature reaches the 46 
set value. This mode cannot guarantee the demand of daily hot water and there is considerable 47 
nighttime heat loss in the meantime. For the latter, if the water temperature also fails to reach the 48 
set value, an auxiliary heater is utilized to guarantee the demand of daily hot water. Ideally, there 49 
is no nighttime heat loss under the latter heating pattern; therefore, it possesses the maximum 50 
effective heat gain. For convenience, corresponding to the continuous heating mode, the second 51 
heating pattern is defined as the discontinuous heating mode in this study. 52 
However, there are corrosion and frost heaving problems accompanied by the conventional 53 
SWH system. Furthermore, reverse flow usually occurs in the thermosyphon SWH systems at 54 
night (Tang and Yuan, 2014, Morrison,1986, Kok et al., 2015, Rejane et al., 2003, Tang et al., 55 
2010), which leads to a big nighttime heat loss and decreases the effective heat gain (over a 24-h 56 
period). Ioannis et al.(2011) experimentally investigated the total nighttime heat loss of three 57 
thermosyphon SWH systems. The results indicated that the energy loss at night amounted to an 58 
average of 40% of the collected energy in the day. Zhang et al.(2017a)
 
calculated and analyzed the 59 
annual performance of an SWH system and found that the average annual heat loss of an 60 
conventional SWH system at night accounted for 18% of the collected heat in the day; particularly, 61 
the maximum monthly heat loss ratio was bigger than 50%; heat dissipation caused by solar 62 
collector accounted for about 87.1% of the total heat dissipation. Tang et al.(2010) respectively 63 
established the governing equations for the solar collector, connecting pipes and storage tank to 64 
evaluate the nighttime heat loss of a SWH system and found that any effort to increase reverse 65 
flow in the system would cause more heat loss to the surrounding from the system, leading to a 66 
reduction of the overall thermal efficiency of the system. It is rather apparent that the nighttime 67 
heat loss amounts to the largest amount of energy loss of a conventional SWH system under the 68 
continuous heating mode. 69 
Loop thermosyphon (LT) is the most appropriate technology to solve the problems associated 70 
with a conventional SWH system. Integrating loop thermosyphon with a SWH system, named 71 
LT-SWH, can avoid the freezing and corrosion problems by tendentiously filtrating of the 72 
refrigerant. And more importantly, thermal diode property of loop thermpsyphon avoids the 73 
reverse flow of heat from water tank to solar collector, which is advantageous to reduce the 74 
nighttime heat loss. Schematic diagrams of the LT-SWH system and the conventional SWH 75 
system can be found in Fig.1. As illustrated in Fig.1, it is effortless to reconstruct a LT-SWH 76 
system on the basis of a SWH system by replacing the common water tank with the coil water 77 
tank. At the same time, according to the authors’ previous work (Zhang et al., 2016), a LT-SWH 78 
system can achieve the performance no less than a conventional SWH system. The above 79 
advantages suggesting that the LT-SWH system is a promising substitute for domestic hot water 80 
supply. 81 
 82 
Fig.1 Schematic diagrams of LT-SWH system and conventional SWH system 83 
However, Fig.1 also reveals that the LT-SWH system has a bigger heat loss coefficient in the 84 
daytime because of the secondary heat exchange (Zhang et al.,2017b, Nada et al., 2004). And what 85 
is more, this disadvantage will be amplified under the continuous heating mode, because the cyclic 86 
water temperature under this condition is relatively high. The above shortcomings will further 87 
evidently deteriorate the daytime performance of a LT-SWH system. 88 
To the authors’ best knowledge, comparisons between the LT-SWH system and the 89 
conventional SWH system are mostly under strong solar radiation or short-term operating. The 90 
influence of the big heat loss coefficients (at the daytime for the LT-SWH system, while at the 91 
nighttime for the SWH system) to the long-term operation is rarely reported. In the present study, 92 
based on the typical meteorological year data of Fuzhou city, annual performances of that two 93 
systems under the continuous heating mode and the discontinuous heating mode are comparatively 94 
studied. Variations in effective number of supplying days, effective heat gain and nighttime heat 95 
loss are displayed and discussed in detail. Influences of the set temperature to the relative 96 
magnitude of these three variables are also presented. 97 
2  Mathematical model 98 
2.1 Evaluation of daytime performance  99 
The daytime photothermal efficiency of a solar thermosyphon system, ηt, can be calculated as 100 








                               (1) 102 
where 
aT is the daily average ambient temperature, °C; HT is the daily cumulative solar radiation 103 
on the collector surface, MJ/m
2
; Ti is the initial water temperature, °C; α is the typical 104 
photothermal efficiency when the initial water temperature equals the daily average ambient 105 
temperature; U is the daytime heat loss coefficient. The values of α and U can be obtained by 106 
linear fitting based on the experimental data. The obtained regression equation can be used to 107 
estimate the photothermal efficiency of the system under different climatic conditions. 108 
   Normally, the solar collector is installed with inclination. However, the solar radiation 109 
contained in the weather data of typical meteorological year refers to that projecting on the 110 
horizontal plane. Therefore, solar radiation on the inclined surface, HT, has to be calculated on the 111 
basis of the data on the horizontal surface, which can be expressed as (Qiu et al., 2001): 112 
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where Hc is the solar radiation on the horizontal plane, W/m
2
; Hcd is the scattering radiation on the 118 
horizontal plane, W/m
2
; ρ is the reflectivity of ground, normally the value is 0.2; Rb is the ratio of 119 
direct radiation that respectively projected on the inclined surface and the horizontal plane;   is 120 
the geographical latitude; β is the inclination angle of solar collector; δ is the solar declination 121 
angle; ωs is the hour angle of sunrise and sunset on the horizontal plane; 
'
s  is hour angle of 122 
sunrise and sunset on the inclined plane; n is the serial number in the year. 123 
To make sense of the results, the SWH system and the LT-SWH system with approximate 124 
typical photothermal efficiencies are invited for comparison. Their performances can refer to He et 125 
al. (2011) and Zhang et al. (2016), which are: 126 
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 140.0550.0,                  (8) 128 
From Eqs. (7-8), one can reconfirm that the LT-SWH system has a bigger heat loss coefficient 129 
because of the secondary heat exchange. 130 
2.2 Evaluation of nighttime heat loss 131 
Under the continuous heating mode, the final water temperature at the end of the day fails to 132 
reach the set value with a high-probability if the solar radiation is weak or the initial water 133 
temperature is low. Nighttime heat loss should be therefore taken into account to calculate the 134 
initial water temperature of the next day. However, to the authors’ best knowledge, although there 135 
were several experiments involve the influence of the reverse flow to the solar thermosyphon 136 
system, none of semi-empirical correlations for the nighttime heat loss were proposed.  137 
Tang et al. (2010) acquired the key coefficients for the governing equations from their 138 
experiments. However, their methods cannot directly shift to the present study. Instead, nighttime 139 
heat loss coefficients are calculated based on published semi-empirical correlations in this study. 140 
For the solar collector at overcast nights, the heat loss by thermal radiation from the collector 141 
surface to the sky dome is negligible, and heat loss (unit time) from collector to the enviroment 142 
can be expressed by (Tang et al., 2010): 143 
 p c l p amC T A U T T                               （9） 144 
where m is the mass of water inside the collector, kg; Ac is the area of solar collector, m
2
; Ul is the 145 
heat loss coefficient of solar collector, W/(m
2
•K); Tp is the average temperature of the absorbing 146 
plate, ℃; 147 
For the solar collector, the heat loss is mainly through top, back and edge of it. The heat loss 148 
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where N is the number of the glass cover, and usually N=1; p is the emissivity of the absorbing 155 
plate, -;
 c
 is the emissivity of the glass cover, -; V is the wind speed, m/s; is the Boltzmann 156 
constant. The value of Tp is assumed as the average water temperature at the beginning and at the 157 
end of the tank during the corresponding time.  158 
While the heat loss coefficient of the back of the solar collector consists of the heat 159 
conduction resistance of the insulation material and the convective heat resistance between the 160 
solar collector and the environment (Zhang, 2004): 161 
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where Lb is the thickness of the thermal insulation layer, m; b is the thermal conductivity of the 163 
insulation layer, W/(m·K).   164 
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where Ae is the total area of the edge of the solar collector, m
2
. Usually, insulation materials filled 167 
within the edge and the back of the solar collector are the same. The physical parameters in Eq.(15) 168 
and Eq.(16) are therefore same too. 169 
The total heat loss coefficient of solar collector is therefore as: 170 
l t b eU U U U                                 (17) 171 
However, at clear nights, the situation is different, part of thermal radiation emitted from the 172 
absorber will directly pass through the glass cover and dissipate into the sky dome due to the fact 173 
that the glass cover used in collectors is not perfectly opaque for the long-wave thermal radiation 174 
(Cook, 1985). Therefore, the heat loss of solar collector in this case can be expressed by: 175 
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 0.5 1 cosabs skyf                              (19) 177 
where τ is transmittance of glass cover, -; Ta is real-time ambient temperature, ℃; Qsky is the 178 
thermal radiation projects on the collector surface from the sky dome, J/m
2
. The premise of 179 
calculating Qsky needs to measure the incident thermal radiation from the sky dome at night. 180 
However, there is also no relevant data of long-wave radiation. Instead, the Qsky is therefore 181 
calculated as following (Duffie and Beckman, 2006): 182 
4
sky skyQ T                                 (19) 183 
1.50.0552sky aT T                             (20) 184 
For the connecting pipes, only the heat conduction resistance of the insulation material and 185 
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For the water tank, Fan and Furbo(2012a) experimentally studied the temperature-dependent 188 
heat loss coefficients for different parts of the water tank. The total heat loss coefficient is 189 
expressed as: 190 
       
2.4 0.00198wU T                             (22) 191 
The water tank should be recharged in the next morning if the hot water was used up at night. 192 
However, the temperature data of municipal water is not including in the data of a typical 193 
meteorological year. Alternatively, the water temperature of the local river is employed. Li et al. 194 
(2006)
 
established a correlation to estimate the water temperature of the river in China by using 195 
the meteorological factors. The influences of ambient temperature, humidity and wind speed were 196 
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where r is relative humidity of ambient air, -. 199 
3  Settings of simulation and validation of nighttime heat loss 200 
3.1 Simulation settings 201 
Volume of water tank and the area of solar collector are set same to references (Zhang et al., 202 
2016, Fan and Furbo, 2012a), that are 150 L and 2 m
2
. According to Chinese standard, it is exactly 203 
applicable to a typical Chinese family of three or four people (Wang and Wang, 2008). The 204 
minimum water temperature on demand is set at 48 ℃ (GB/T, 19141-2003). When calculating the 205 
nighttime heat loss, values of the parameters of the SWH system and LT-SWH system are shown 206 
in table 1. The inclination angle of the solar collector is set at 40°, which is equal to the LT-SWH 207 
collector in Zhang et al. (2016) and a little bigger than that of the SWH collector in He et al. 208 
(2011). 209 
When calculating the annual performances of SWH system and LT-SWH system, the 210 
following assumptions are made:  211 
1) The hot water will be used at night only when the temperature is higher than the set value 212 
and will be used up that night. In addition, the hot water is used up within a short time, the heat 213 
loss during this time is therefore negligible. 214 
2) Water is recharged and nighttime temperature drop is stopped both at the sunrise time of 215 
the next day. That is when solar radiation is bigger than zero. Besides, the charging time is 216 
ignored.  217 
3) Eqs.(7-8) predict the photothermal performances of the whole daytime; thus, only the final 218 
water temperature can be predicted. Under the circumstances, the final water temperature can be 219 
higher than the set value and the effective heat gain is also calculated based on the actual final 220 
temperature, not the set value. 221 
4) The nighttime temperature drop is limited. The water temperature cannot be lower than the 222 
ambient temperature and cannot be below 0 ℃ at the same time.  223 
Table 1.  Parameter values of the SWH system and the LT-SWH system 224 









SWH 0.05 0.82 0.05 0.04 40 20 
LT-SWH 0.05 0.82 0.05 0.04 40 20 
 225 
Fig.2. Flow chart of calculation of the annual system performance  226 
A C++ program is developed to precalculate the average daytime ambient temperature, to 227 
read the meteorological data, to calculate the photothermal performance of daytime and heat loss 228 
of nighttime. The flow chart of the annual performance under the continuous heating mode is 229 
displayed in Fig.2. Because the flow chart of the discontinuous heating mode is relatively simple, 230 
it is not listed here. 231 
3.2 Validation of nighttime heat loss 232 
As mentioned before, Eqs. (7-8) were fitted based on the actual outdoor tests. Therefore, only 233 
the nighttime heat loss performances of the two systems need to be validated. For the LT-SWH 234 
system, the data were obtained from authors’ previous experiments and the experimental setup can 235 
be found in Zhang et al. (2016) in detail. For the SWH system, the nighttime data are provided by 236 
Yang Zhang (He et al., 2011). Meanwhile, variables initialized in simulation are all corresponding 237 
to their experimental setup. The results are presented in Fig.3 in detail. 238 
From Fig.3, one can see that the simulation results of nighttime temperature performance 239 
both agree well with the experimental data, the mean deviations of the two systems are both less 240 
than 1.5%. Meanwhile, from the illustration in the bottom left corner, one can obviously observe 241 
the ups and downs in water temperature to a small extent, which indicates that reverse flow occurs 242 
in the water tank. However, the forming mechanisms are different. For the LT-SWH system, it is 243 
mainly determined by the internal flow within the water tank (Fan and Furbo, 2012a,  Fan and 244 
Furbo, 2012b). While for the SWH system, the effect of relative height between the water tank and 245 
the collector (Morrison, 1986), as well as the heat loss through connecting pipes (Vaxman and 246 
Sokolov, 1986), should be additionally considered. 247 
 248 
Fig.3. Validation of the nighttime heat losses of SWH system and LT-SWH system 249 
4  Result and discussion 250 
Fuzhou city (26.08ºN,119.30ºE), which is the provincial capital of Fujian province in China, 251 
belongs to the subtropical zone enjoying a humid monsoon climate. Fig.4 illustrates the average 252 
monthly direct radiation ratio, the monthly average ambient temperature in Fuzhou city, as well as 253 
the monthly cumulative solar radiation projecting on the horizontal plane and the inclined plane. 254 
One can note that the monthly average Rb displays a trend of decreases first and then increases 255 
with month; the value ranges between 0.85-1.85 and the maximum and minimum values 256 
corresponding to December and June, respectively. It is because the value of Rb is determined by 257 
the solar declination angle δ, the hour angle of sunrise and sunset respectively on the inclined 258 
plane ω′s and on the horizontal plane ωs. However, the values of ω′s and ωs vary with the solar 259 
declination angle δ and the geographical latitude ϕ. When 0° < δ < 23°24′, ω′s equals to π/2, while 260 
ωs increases with the increasing of δ; thus, during the spring equinox to the summer solstice, Rb 261 
gradually decreases with increasing the δ. When −23°24′ < δ < 0 °, ω′s equals to ωs, and ω′s 262 
decreases with the increasing of δ; Therefore, during the autumnal equinox to the winter solstice, 263 
Rb gradually increases with decreasing the δ. While during the winter solstice to the spring 264 
equinox, Rb gradually decreases with increasing the δ. 265 
 266 
Fig.4. Variations in monthly average ambient temperature, Rb, monthly cumulative solar radiation 267 
The average monthly ambient temperature, which displays an overall trend of increases first 268 
and then decreases, ranges between 11.9 °C and 30.2 °C; the minimum and maximum values are 269 
corresponding to January and July, respectively. 270 
For solar radiation projecting on the inclined surface, it can be seen from Eq. (2) that, when 271 
the collector inclination angle β is constant, it is linearly dependent on the direct radiation ratio, Rb. 272 
Therefore, its magnitude is directly influenced by Rb. During May to August, Rb is less than 1, the 273 
cumulative solar radiation on the inclined plane is, therefore, lower than that of on the horizontal 274 
plane; while the other months are on the contrary. By calculation, the monthly cumulative solar 275 
radiation on the inclined surface ranges between 266.6 MJ/m
2
 and 513.4 MJ/m
2
; the maximum 276 
and minimum values are respectively corresponding to July and February. Yearly cumulative solar 277 
radiation on the inclined plane is 4524.6 MJ/m
2
, which is slightly larger than that on the horizontal 278 
plane corresponding to 4343.4MJ/m
2
. 279 
4.1  Comparison of the effective number of supplying days and effective heat gain 280 
When only solar energy is used, the monthly effective number of supplying days of the SWH 281 
system and the LT-SWH system, under different heating modes, are presented in Fig.5. The 282 
effective supplying day is defined as the day on which the water temperature is higher than the set 283 
value. 284 
 285 
Fig.5. Comparison of the monthly effective numbers of supplying days under different heating modes 286 
Fig.5 indicates that except June under the continuous heating mode, the effective number of 287 
supplying days of LT-SWH system is always no less than that of the SWH system corresponding 288 
to the same month. The comparatively higher photothermal efficiency of the LT-SWH system is 289 
responsible for that. Meanwhile, for the same system, the effective number of supplying days of 290 
the discontinuous heating mode is always less than the continuous heating mode. It is 291 
understandable that the accumulation of heat, under the continuous heating mode, increases the 292 
effective number of supplying days and this effect is more obvious in the months with low 293 
ambient temperature or weak solar radiation. 294 
Furthermore, it can be seen from Fig.5 that the maximum values of the effective number of 295 
supplying days are all taken in July, regardless of the systems and the heating modes. However, 296 
the minimum values are taken in different months, which is in January under the discontinuous 297 
heating mode and in February under the continuous heating mode. It has been calculated that, 298 
under the discontinuous and continuous heating modes, the annual effective numbers of supplying 299 
days for the SWH system are 139 and 168, respectively; while for the LT-SWH system, they are 300 
153 and 173, respectively. 301 
It is also understandable that due to the high initial water temperature and strong solar 302 
radiation in summer, the effective numbers of supplying days corresponding to the same month 303 
but different heating modes are approximate.  304 
 305 
Fig.6. Comparison of the monthly effective heat gains under different heating modes 306 
Under different heating modes, the effective heat gains are illustrated in Fig.6 in detail. It 307 
shows that firstly, corresponding to the same month, the effective heat gain takes a bigger value 308 
under the discontinuous heating mode, which is different from the trend of the effective number of 309 
supplying days. It is mainly because, according to the assumption, there is no nighttime heat loss 310 
under this condition. Secondly, the maximum and minimum heat gains take in July and February, 311 
respectively. 312 
Thirdly, Fig.6 shows that under the discontinuous heating mode, the effective heat gain of the 313 
SWH system is always smaller than that of the LT-SWH system corresponding to the same month. 314 
It is also because, under this circumstance, the daytime photothermal efficiency of LT-SWH 315 
system is bigger.  316 
However, under the continuous heating mode, one can note that from November to April, the 317 
effective heat gain of the SWH system is approximate to that of the LT-SWH system 318 
corresponding to the same month; meanwhile, the relative magnitudes are tangled. Nevertheless, 319 
under the other months, the relative magnitudes of the effective heat gain between the SWH 320 
system and the LT-SWH system share the similar trend with the discontinuous heating mode. 321 
Following, the reasons for the unforeseeing will be analyzed in detail by the performs of water 322 
temperature and nighttime heat loss. 323 
4.2  Comparison of the nighttime heat loss 324 
As mentioned before, heat loss at night leads to a lower effective heat gain under the 325 
continuous heating mode. The specific values of the monthly cumulative heat loss under different 326 
heating modes, as well as the average monthly temperature drops at night, are displayed in Fig.7 in 327 
detail.  328 
Fig.7 clearly shows that firstly, the nighttime heat loss and temperature drop of the SWH 329 
system are obviously bigger than that of the LT-SWH system corresponding to the same month. 330 
The maximum values are both taken in February with the value of 93.4 MJ and 39.7 MJ, 331 
respectively; while the minimum values are both taken in July with the value of 17.1 MJ and 5.6 332 
MJ, respectively. Secondly, both of the two systems have a bigger cumulative heat loss from 333 
November to April. It is because, combining with Fig.5, the effective numbers of supplying days 334 
during these months are limited due to the comparatively weak solar radiation and low ambient 335 
temperature; in addition, the comparatively low nighttime ambient temperature leads to a bigger 336 
heat loss coefficient and further leads to a bigger nighttime cumulative heat loss. However, from 337 
May to October, especially in July and August, because of the strong solar radiation and high 338 
initial water temperature, water temperature at the end of the day reaches the set value on most of 339 
the days, which decisively reduces the nighttime heat loss; besides, the high ambient temperature 340 
at night also plays a role in reducing the nighttime heat loss. 341 
 342 
Fig.7. Comparison of monthly cumulative heat loss and monthly average temperature drop 343 
 344 
Fig.8. Comparison of heat loss ratios under different heating modes 345 
The heat loss ratios, which are defined as the heat loss at night to the heat collection in the 346 
day, are presented in Fig.8. One can see that the trends of the curves are similar to that in Fig.7. 347 
However, because the nighttime heat loss directly determines the initial water temperature of the 348 
next day and further influences the daytime performance of the next day, the proportion is a little 349 
different. Besides, the ratios of the nighttime heat loss to the maximum heat collection 350 
(corresponding to heat collection under the discontinuous heating mode) are also presented for 351 
reference to some extent despite they are not accurate. By calculation, for the SWH system, the 352 
values of maximum and minimum heat loss ratio are 54.43% and 3.09%, respectively; while for 353 
the LT-SWH system, the values are 22.52% and 0.96%, respectively. It is further calculated that 354 
for the SWH system, the average annual heat loss ratio is 15.07%; while for the LT-SWH system, 355 
it is 6.15%. As a reference, the annual heat loss ratio, corresponding to the maximum heat 356 
collection, for the SWH system is 12.43%, while for the LT-SWH system is 5.00%. 357 
  From Fig.7 and Fig.8, one can further conclude that under the continuous heating mode, 358 
the nighttime heat loss of the SWH system is at least two times of the LT-SWH system; 359 
correspondingly, the difference of the effective heat gain is at least 13%. However, the results of 360 
Fig.6 show that from November to April, the effective heat gains of that two systems are 361 
approximately in the same month, the difference is within 4%. The big heat loss coefficients of 362 
LT-SWH system and SWH, which are functioning at different times, are responsible for that.  363 
 364 
Fig.9. Comparison of the initial temperatures and final temperatures in January and July 365 
To verify the inference, the initial and final water temperatures of selected days in January 366 
(above) and July (down) are respectively illustrated in Fig.9. 367 
In January, the water temperatures of the effective five supplying days are chosen. From 368 
Fig.9, one can see that the initial water temperatures of the LT-SWH system are obviously higher 369 
than that of the SWH system on the same day; however, the final water temperatures of that two 370 
systems are approximately equal. For the former, the heat loss of the solar collector of LT-SWH 371 
system, which is dominant in the total heat loss, is negligible due to the thermal diode property of 372 
loop thermosyphon. Therefore, after a night of dissipation, the initial water temperature of the 373 
LT-SWH system is higher. This pattern is sensitively responded by the first and the second points. 374 
However, the higher initial water temperature also acts on the daytime heat loss of the LT-SWH 375 
system, leading to a lower photothermal efficiency and therefore a smaller temperature rise. In 376 
other words, under the continuous heating mode, the heat energy reserved by the loop 377 
thermosyphon at night will be mostly dissipated in the day. Therefore, the final temperatures are 378 
approximately for the two systems. A similar cycling pattern also happens from November to April 379 
and it is why the two systems have the approximate values of the effective heat gain during those 380 
months.  381 
The big heat loss coefficients of the two systems functioning at different times are also 382 
clearly illustrated in July. As shown in the bottom of Fig.9, the latter three days of the two system 383 
have the same initial water temperatures, but the final water temperatures of the LT-SWH system 384 
are higher than that of the SWH system because of the comparatively higher photothermal 385 
efficiency. However, for the former two points, they share the same cyclical pattern with January. 386 
The difference is, from May to October, the effective heat gains in these months of the LT-SWH 387 
system are bigger than that of the SWH system in the same month due to the bigger effective 388 
number of supplying days. 389 
4.3  Comparison of photothermal efficiency  390 
The average monthly photothermal efficiencies of the SWH system and the LT-SWH system 391 
under different heating modes are shown in Fig.10. It indicates that firstly, the monthly 392 
photothermal efficiency of the LT-SWH system is higher than that of the SWH system 393 
corresponding to the same month under the discontinuous heating mode. Secondly, the efficiencies 394 
of the two systems are all no less than their corresponding typical photothermal efficiencies, which 395 
seems counterintuitive to some extent. In general, compared with ambient temperature, the 396 
municipal water in China has the characteristic of warm in winter and cool in summer (Qiu, 2017), 397 
which resulting that the expected photothermal efficiency is usually higher than the typical 398 
photothermal efficiency in summer but smaller than the typical photothermal efficiency in winter. 399 
However, the water temperature of the local river, which is employed in the simulation in this 400 
study, is usually smaller than the municipal water temperature and the average ambient 401 
temperature most of times. It is responsible for the counterintuitive perception. Finally, under the 402 
continuous heating mode, the photothermal efficiencies of the LT-SWH system and the SWH 403 
system both show a trend of increase first and then decrease; meanwhile, similar to the trend of 404 
effective heat gain, the photothermal efficiencies of the LT-SWH system are approximately equal 405 
to the corresponding SWH system from November to April.  406 
By calculation, under the continuous heating mode, the annual photothermal efficiency of the 407 
SWH system is 46.62%, while it is 48.37% for the LT-SWH system; under the discontinuous 408 
heating mode, the values are 56.52% and 59.53%, respectively.  409 
 410 
Fig.10. Comparison of monthly average thermal efficiencies under different heating modes 411 
4.4  Influence of the set temperature 412 
Under the continuous heating mode, the temperature setting will significantly affect the 413 
effective heat gain in the day and the heat loss at night. The variations of the effective number of 414 
supplying days with water temperature are displayed in Fig.11. It indicates that firstly, the 415 
effective number of supplying days decreases with increasing the set temperature. 416 
Correspondingly, for the LT-SWH system, the number of days decreases from 189 to 93 with the 417 
set temperature increasing from 45 ℃ to 65 ℃; while for the SWH system, the number of days 418 
decreases from 187 to 95. The effective numbers of supplying days both decrease by around 50% 419 
for the two systems. Secondly, the difference of the effective number of supplying days between 420 
the LT-SWH system and the SWH system shows a trend of increases first and then decreases with 421 
increasing the set temperature; meanwhile, the difference is below zero when the set temperature 422 
is bigger than 65 ℃. In brief, superiority of LT-SWH system varies with the set temperature, 423 
gradually diminishes when the set temperature is higher than 50 ℃ and reverses when set 424 
temperature is higher than a specific value between 60 ℃-65 ℃. 425 
 426 
Fig.11. Variation of the effective number of supplying days with final water temperature 427 
Variations of the annual cumulative effective heat gain and the annual cumulative heat loss 428 
with increasing the set temperature are presented in Fig.12. It is understandable that the annual 429 
cumulative effective heat gain decreases, while the annual cumulative heat loss correspondingly 430 
increases, with increasing the set temperature. When the set temperature rising from 45 ℃ to 65 ℃, 431 
the annual cumulative effective heat gain decreases nearly 32% for the LT-SWH system, while 432 
nearly 26% for the SWH system; correspondingly, the annual cumulative heat losses respectively 433 
increase 158% and 165% for that two systems. The nighttime heat loss is more sensitive to the set 434 
temperature. One can further conclude that contrary to the cyclical patterns presented in Fig.6 and 435 
Fig.9, the big heat loss caused by the higher set temperature at night will be offset in the day to 436 
some extent.  437 
 438 
Fig.12. Variation of the annual cumulative heat gain and heat loss with increasing set temperature 439 
Besides, Fig.12 exhibits that the difference of effective heat gain between the LT-SWH 440 
system and SWH system decreases with increasing the set temperature; while the difference of 441 
nighttime heat loss increases with increasing the set temperature. The interaction leads to a fact 442 
that the effective heat gain of the LT-SWH begins to become smaller than that of the SWH system 443 
when the final water temperature is no less than 60 ℃. One can note that compared to the effective 444 
number of supplying days, the effective heat gain reverses at a lower set temperature. In summary, 445 
the mismatch between the differences clearly shows that under the continuous heating mode, for 446 
the LT-SWH system, the decisive advantage of the lower heat loss at night gradually fades away 447 
and the bigger daytime heat loss gradually begins to dominate the dominance with increasing the 448 
set temperature.  449 
The reasons for such variations in Fig.11 and Fig.12 can also refer to the variations in 450 
effective heat gain shown in Fig.6 and Fig.9. That is, compared with the SWH system, the heat 451 
energy reserved by the loop thermosyphon at night will be mostly or totally dissipated in the day; 452 
and even worse, the bigger daytime heat loss becomes negative to the system performance when 453 
the set temperature is big enough. 454 
To verify that in detail, when increasing the set temperature, the average annual initial water 455 
temperature and average annual final water temperature of two systems, as well as the average 456 
annual temperature drops at night and the average annual temperature rises in the day, are 457 
respectively presented in Fig.13 and Fig.14. 458 
 459 
Fig.13. Variations of the average annual initial water temperature and final water temperature with increasing set 460 
temperature 461 
From Fig.13, one can observe that variations in the average annual initial and final water 462 
temperatures share the similar trend with Fig.9. That is the LT-SWH system has higher initial 463 
water temperature because of the smaller nighttime heat loss, but lower final water temperature 464 
because of the bigger daytime heat loss. Meanwhile, the differences of the initial temperature and 465 
the final temperature between the two systems both increase as expected with increasing the set 466 
temperature. 467 
From Fig.14, it is expected that for the two systems, increasing the set temperature increases 468 
the average annual temperature drop but decreases the average annual temperature rise. However, 469 
the increasing and decreasing gradients are different. As can be seen from Fig.14 that when the set 470 
temperature rising from 45 ℃ to 65 ℃, the average annual temperature drop of the LT-SWH 471 
system rises from 2.1 ℃ to 3.5 ℃, while the SWH system rises from 4.6 ℃ to 8.0 ℃. The gradient 472 
of temperature drop of the LT-SWH system is smaller. Correspondingly, the average annual 473 
temperature rise of the former decreases from 20.6 ℃ to 16.0 ℃, while it is from 21.3 ℃ to 19.9 ℃ 474 
for the latter. Obviously, the gradient of temperature rise of the LT-SWH system is bigger. Again, 475 
as mentioned before, the big heat loss coefficients functioning at different times acts as a mediator. 476 
It leads to a certainty that there must be an intermediate temperature, at which the effective heat 477 
gain of the two systems equals to each other. From Fig.14, one can conclude that the value is 478 
between 55-60 ℃. The performs of initial and final water temperature support the conclusion 479 
above. 480 
 481 
Fig.14. Variations of the average annual temperature rise and temperature drop with the increasing set temperature  482 
4.5 Static payback period   483 
Compared with the conventional electric water heater and the gas water heater, the static 484 
payback periods of the two systems are analyzed in the presented study. The prices of the 485 
electricity and the natural gas refer to the second level of the civil price, which are respectively 486 
announced by the Fujian province’s power grid and the Fuzhou development and reform 487 
commission. The prices are 0.5483 RMB/(kWh) and 4.16 RMB/m
3
, respectively. The calorific 488 
value of natural gas in China is 34 MJ/m
3
. And the thermal efficiency of the gas water heater is 489 
0.88 (Zhou and Qin, 2016), while the thermal efficiency of the electric water heater is 0.9 (Hu et 490 
al., 012). Effective heat gains when set temperature is 48 ℃ are referenced. The initial investments 491 
of the SWH system and the LT-SWH system are about RMB 2300 and RMB 2900, respectively. 492 
The cost of the SWH system consists of the collector (RMB 1000), solar water tank (RMB 800), 493 
pipelines and construction costs (RMB 500); while the LT-SWH system consists of the 494 
collector(RMB 1000), solar water tank with spiral coil (RMB 1200), refrigerant (RMB 100), 495 
pipelines and construction costs (RMB 600). Table 2 lists the results. 496 










SWH 5114.3 2.7 3.2 
LT-SWH 5387.4 3.2 3.9 
Continuous 
SWH 4218.5 3.2 3.9 
LT-SWH 4377.2 3.9 4.8 
It can be seen from Table 2 that for the SWH system and the LT-SWH system, there are 498 
relatively short static payback periods when compared with the electric water heater. It is because 499 
the price of natural gas per MJ energy is nearly 80% more than that of the electric. Besides, 500 
compared with the SWH system, the LT-SWH system has a longer static payback period under the 501 
same heating mode, but the difference is within a year. On the whole, for the SWH system, static 502 
payback period ranges between 2.7-3.9 years; while for the LT-SWH system, it is 3.2-4.8 years. 503 
However, considering that the LT-SWH system is free of corrosion and freezing problems when 504 
Heating, the difference in the period between the two systems is acceptable. The LT-SWH 505 
provides a promising substitute for building energy savings. 506 
5  Conclusions 507 
Compared with the SWH system, the LT-SWH system has a bigger heat loss coefficient at the 508 
daytime but a smaller heat loss coefficient at the nighttime. Interaction of above is rarely reported 509 
based on long-term running. In this study, based on the typical meteorological year data of Fuzhou 510 
city, the annual performances of the SWH system and the LT-SWH system, under the continuous 511 
and discontinuous heating modes, are comparatively analyzed. Variations in the effective heat gain 512 
and the effective number of supplying days are discussed on the premise that the two systems have 513 
the approximate typical photothermal efficiencies. The main conclusions are below: 514 
1) Under the discontinuous and continuous heating modes, the annual effective numbers of 515 
supplying days of the SWH system are 139 and 168, respectively; while they are 153 and 173, 516 
respectively, for the LT-SWH system. 517 
2) Under the discontinuous heating mode, the effective heat gain of the SWH system is 518 
always smaller than that of the LT-SWH corresponding to the same month. However, under the 519 
continuous heat mode, the monthly effective heat gains of the SWH system are approximate to 520 
that of the LT-SWH system from November to April. The big heat loss coefficients functioning at 521 
the different times is responsible for that. By calculation, the average annual heat loss ratio is 522 
15.07% for the SWH system and 6.15% for the LT-SWH system.  523 
3) The temperature setting not only significantly affects the effective heat gain but also 524 
changes the relative magnitudes of the two systems. The effective heat gain of the LT-SWH begins 525 
to smaller than that of the SWH system when the final water temperature is no less than 60 ℃.  526 
4) The static payback period of the LT-SWH system, which ranges between 3.2-4.8 years, is a 527 
little longer than that of the SWH system.  528 
In conclusion, despite the LT-SWH system operates free of corrosion and freezing problems, 529 
it is conditional to substitute with the conventional SWH system, especially when the water 530 
temperature on demand is high. 531 
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